The synaptic protein interaction (synprint) site on the N-type calcium channel ␣ 1B subunit binds to the soluble N-ethylmaleimide-sensitive attachment factor receptor (SNARE) proteins syntaxin and synaptosomal protein of 25 kDa , and this association may be required for efficient fast synaptic transmission. Protein kinase C (PKC) and calcium and calmodulin-dependent protein kinase type II (CaM KII) phosphorylated a recombinant his-tagged synprint site polypeptide rapidly to a stoichiometry of 3-4 mol of phosphate/ mol, whereas cAMP-dependent protein kinase (PKA) and cGMP-dependent protein kinase (PKG) phosphorylated the synprint peptide more slowly to a stoichiometry of Ͻ1 mol/mol. Two-dimensional phosphopeptide mapping revealed similar patterns of phosphorylation of synprint polypeptides and native rat brain N-type calcium channel ␣ 1B subunits by PKC and Cam KII. Phosphorylation of the synprint peptide with PKC or CaM KII, but not PKA or PKG, strongly inhibited binding of recombinant syntaxin or SNAP-25, even at a level of free calcium (15 M) that stimulates maximal binding. In contrast, phosphorylation of syntaxin and SNAP-25 with PKC and CaM KII did not affect interactions with the synprint site. Binding assays with polypeptides representing the N-and C-terminal halves of the synprint site indicate that the PKC-and CaM KII-mediated inhibition of binding involves multiple, disperse phosphorylation sites. PKC or CaM KII phosphorylation of the synprint peptide also inhibited its interactions with native rat brain SNARE complexes containing syntaxin and SNAP-25. These results suggest that phosphorylation of the synprint site by PKC or CaM KII may serve as a biochemical switch for interactions between N-type calcium channels and SNARE protein complexes.
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Voltage-gated calcium channels are an essential element of fast stimulus-secretion coupling in presynaptic termini of central and peripheral neurons (for review, see Dunlap et al., 1995) . In response to membrane depolarization, they produce a rapid and localized calcium signal that interacts with calcium sensors on the exocytotic apparatus to initiate vesicle f usion and neurotransmitter release (Zucker, 1996) . Numerous electrophysiological studies implicate N-type and P/Q-type calcium channels in the control of exocytosis (Hirning et al., 1988; L uebke et al., 1993; Wheeler et al., 1994; Reuter, 1995) , and these calcium channel types are localized at high density in presynaptic terminals of central neurons (Westenbroek et al., 1992 . Biochemical experiments demonstrate that both N-and P/Q-type calcium channels are complexed with proteins of the exocytotic apparatus, including the plasma membrane proteins syntaxin and synaptosomal protein of 25 kDa , and the vesicle membrane protein synaptotagmin (Bennett et al., 1992; Leveque et al., 1992 Leveque et al., , 1994 Yoshida et al., 1992; Martin-Moutot et al., 1996) . Syntaxin, SNAP-25, and the vesicle membrane protein synaptobrevin together comprise the soluble N-ethylmaleimide-sensitive attachment factor receptor (SNARE) complex, a stable, coiled-coil heterotrimer that links the vesicle to the plasma membrane and forms a scaffold for other proteins and small molecules participating in exocytosis (Sollner et al., 1993a,b; Chapman et al., 1994) .
Molecular cloning and expression of cDNA encoding the ␣ 1 subunits of N-and P/Q-type calcium channels allow a closer examination of these binding interactions (Mori et al., 1991; Starr et al., 1991; Dubel et al., 1992) . The synaptic protein interaction (synprint) site in the intracellular loop II-III (L II-III ) of the ␣ 1B subunit binds to syntaxin and SNAP-25 (Sheng et al., 1994 . Calcium has a biphasic effect on these interactions, stimulating optimal binding in the range of 10 -30 M and inhibiting binding at higher concentrations . Furthermore, synprint peptides inhibit the fast, synchronous phase of neurotransmitter release in cultured sympathetic neurons (Mochida et al., 1996) . Analogous synprint sites with different properties reside in L II-III of the rbA and BI isoforms of ␣ 1A subunits from P/Q-type calcium channels . Together, these studies suggest that presynaptic calcium channels not only provide the calcium signal required by the exocytotic apparatus, but they also contain structural elements that are integral to vesicle docking, priming, and fusion.
Second-messenger regulation of neurotransmitter release via modulation of the interactions of proteins with the exocytotic apparatus has a potentially important role in synaptic plasticity (Sudhof, 1995) . Second messenger-activated protein kinases (PK s) expressed in presynaptic terminals include calcium and calmodulin-dependent PK type II (C aM K II), PKC, PKA, and PKG. Both N-type calcium channels and SNARE proteins are phosphorylated by one or more of these PK s (Ahlijanian et al., 1991; Hell et al., 1994; Hirling and Scheller, 1996; Shimazaki et al., 1996) . Although one f unctional consequence of phosphorylation of voltage-gated ion channels is the modulation of channel gating Levitan, 1994) , the f unctional role of the synprint site in synaptic transmission suggests that this interaction site may also be modulated by phosphorylation. In this study, we characterize phosphorylation of the ␣ 1B synprint site and show that it regulates the ability of the synprint site to interact with syntaxin 1A and SNAP-25.
MATERIALS AND METHODS
Preparation of f usion proteins. Recombinant DNA segments encoding the synprint region from the rat N-type calcium channel ␣ 1B subunit, designated ␣ 1B (718 -859), ␣ 1B (832-963), and ␣ 1B (718 -963), were subcloned into the bacterial expression vector pTrcHis C (Invitrogen, San Diego, CA) as described (Sheng et al., 1994) . Recombinant rat cDNA for both syntaxin 1A and SNAP-25 were subcloned into the pGEX-4T bacterial expression vector (Pharmacia, Piscataway, NJ) as described (Sheng et al., 1994 Rettig et al., 1996) . Fusion protein cDNAs were transformed and expressed using standard procedures in the protease-deficient BL -26 strain of Escherichia coli (Novagen, Madison, W I). For the large-scale production of f usion proteins, 10 ml cultures of transformed BL -26 were grown in L uria-Bertani medium supplemented with 100 g /ml ampicillin for 12-16 hr and expanded to 500 ml for 2 hr, followed by induction of f usion protein expression for 2 hr with 0.2 mM isopropyl-␤-D-thiogalactopyranoside. C ells were pelleted at 3000 rpm in a Beckman J-6B centrif uge with a JS-4.2 rotor, resuspended in 10 ml PBS (10 mM Na 2 HPO 4 , pH 7.4, 150 mM NaC l) with the protease inhibitors phenylmethanesulfonyl fluoride (PMSF) (0.4 M) and pepstatin A (4 g /ml), and sonicated. E xtracts were immediately solubilized with Triton X-100 (TX-100) at 1% and N-lauroyl sarkosine at 0.5% and incubated for 20 min on ice, and the unsolubilized material was removed by centrif ugation at 10,000 rpm for 10 min in a Beckman J2-21 centrif uge with a JA-20 rotor. The amount of glutathione-S-transferase (GST) f usion protein in the cleared lysate was estimated by Coomassie blue staining after SDS-PAGE using an albumin standard curve.
P urification of his-tag ged f usion proteins. His-tagged f usion proteins were affinity-purified by Ni 2ϩ -nitrilotriacetic acid (N TA) agarose chromatography (Qiagen, Chatsworth, CA) with chromatographic conditions adapted from the manufacturer. The percentage of detergent in the extract was reduced by concentrating the extract to 0.1 volumes by centrif ugation at 2500 rpm for 1 hr in a centriprep-10 filtration unit (Amicon, Beverly, M A), and the original volume was reconstituted with PBS containing 0.4 M PMSF and 4 g /ml pepstatin A, which were included in all subsequent wash buffers. Ni 2ϩ -N TA agarose resin (2 ml) was washed three times with PBS and incubated with the extract for 1 hr at 4°C with continuous mixing. The resin was loaded into a 1.6-cmdiameter column and washed with PBS at a rate of 0.5 ml /min until the A 280 of the flow-through was Ͻ 0.01. The resin was f urther washed with PBS with 20 mM imidazole and 1% glycerol until the A 280 of the flow-through was again Ͻ0.01, and the bound proteins were eluted with 30 ml PBS containing 500 mM imidazole. The purified his-tagged f usion proteins were concentrated to 1 ml by centrif ugation for 1 hr at 2500 rpm in a centriprep-10, and dialyzed against a buffer of 20 mM Tris-HC l, pH 7.4, 200 mM NaC l for 16 -24 hr at 4°C in a 10,000 molecular weight cut-off cassette (Pierce, Rockford, IL). Purified his-tagged f usion proteins were quantitated by the bicinchoninic acid assay (Pierce), and polypeptide purity and integrity were verified by SDS-PAGE followed by Coomassie blue staining.
Phosphor ylation. Phosphorylation reactions were performed with 15 pmol of synprint polypeptide in a basal buffer containing 50 mM H EPESNaOH, pH 7.4, 1 mM dithiothreitol (DTT), 10 mM MgC l 2 , 0.4 mM ATP (Sigma, St. L ouis, MO), and purified PK supplemented with kinasespecific activators, when necessary . Phosphorylation with the cAM P-dependent PK used 1.0 g of a rabbit skeletal muscle preparation of the catalytic subunit, purified as described (Kaczmarek et al., 1980) , whereas 0.1 g cGM P-dependent PK (Promega, Madison, W I) was added to each reaction along with 2 M cGM P.
Reactions with 1.0 g purified PKC (Woodgett and Hunter, 1987) were supplemented with 1.5 mM CaCl 2 , 1 mM EGTA, 50 g diolein (1,2-dioleoyl-sn-glycerol) [C18:1, (cis)Ϫ9] (Sigma), and 2.5 mg L-␣-phosphatidylserine (Avanti Polar Lipids, Alabaster, AL), whereas 2 mM CaCl 2 and 1.9 M calmodulin were added to reactions with 0.5 g baculovirus-expressed and purified recombinant C aM kinase II ␣ subunit (Brickey et al., 1990) . Reactions proceeded for 1 hr at 32°C and were either used immediately for in vitro binding assays or stored at Ϫ20°C for subsequent use. Phosphorylation of immunoprecipitated native rat brain N-type calcium channel ␣ 1B subunits was performed as described previously , except with incubation for 1 hr to insure complete phosphorylation.
Stoichiometr y. For phosphorylation time course experiments, 15 pmol of synprint polypeptide, in the phosphorylation buffers described above, was supplemented with 0.4 M ␥ 32 P-ATP (DuPont N EN, Boston, M A) and incubated at 32°C. Additional ␥ 32 P-ATP and kinase were added to time course reactions at 240 min to test whether these reagents were limiting maximal incorporation. Reactions were terminated by the addition of boiling SDS sample buffer. After SDS-PAGE, gel drying, and autoradiography, relevant gel slices were excised and C erenkov-counted to determine total 32 P incorporation. Nonspecific contributions from background ␥ 32 P-ATP in the gel were eliminated by subtraction of the cpm in control gel slices excised from each lane. Specific radioactivity per mole of ␥ 32 P-ATP was determined by counting diluted aliquots of the stock, and this conversion value was used to calculate moles of 32 P incorporated and the molar ratio of 32 P to synprint polypeptide. Two-dimensional phosphopeptide anal ysis. T wo-dimensional phosphopeptide mapping was performed as outlined previously (Murphy and C atterall, 1992) . Briefly, phosphoproteins were separated by SDS-PAGE and identified in the wet gel by autoradiography; the corresponding gel slices were excised. Gel slices were washed in 10% acetic acid, 10% isopropanol (v/ v) for 16 hr, and then washed two times for 1.5 hr in 50% methanol (v/ v), dried in a Speed Vac concentrator (Savant, Holbrook, N Y), and rehydrated in 1 ml of 25 mM ammonium bicarbonate. Proteins were digested with 50 g of tosyl-amido 2-phenylethyl chloromethyl ketone (TPCK)-treated trypsin (Worthington Biochemical, Freehold, NJ) for 16 hr at 37°C, followed by an additional extraction with 25 mM ammonium bicarbonate for 2 hr. Peptides in the pooled supernatants were washed extensively with H 2 O, resuspended in 1% ammonium carbonate, pH 8.9, and spotted on thin layer cellulose plates (Kodak, Rochester, N Y). Phosphopeptides were separated in the first dimension by electrophoresis at 400 V in a 1% ammonium carbonate buffer system, pH 8.9, and in the second dimension by ascending chromatography in pyridine/acetic acid / butanol / water (15:10:3:12), and visualized by autoradiography.
Binding assays. T wenty-five microliters of a 75% (v/ v) glutathioneSepharose 4B slurry (Pharmacia) were washed three times with TBS (10 mM Tris-HC l, pH 7.4, 150 mM NaC l) and 0.1% TX-100, reconstituted to 1 ml with TBS, and incubated with 50 pmol of GST f usion protein for 1 hr at 4°C on a microtube rotator. Samples were washed three times with TBS containing 0.1% TX-100 and reconstituted to 1 ml with the same buffer. His-tagged f usion protein (7-30 pmol) was added, and the samples were incubated an additional 3 hr, followed by 3 washes with TBS/0.1% TX-100, elution of the bound protein complexes, and analysis by SDS-PAGE as described below.
For experiments at different calcium concentrations, the buffer used in the last wash after the initial GST f usion protein incubation as well as the subsequent his-tagged incubation buffer and wash buffer were replaced with solutions containing N-(2-hydroxyethyl) EDTA (H-EDTA) (Sigma)-buffered calcium at fixed concentrations determined by the MaxChelator software (Chris Patton, Stanford University, Hopkins Marine Station, Pacific Grove, CA; version 6.81) prepared as described . For experiments involving the phosphorylation of GST f usion proteins, the kinase reaction mixtures described in the phosphorylation section were added directly to the immobilized GST f usion proteins after the initial binding incubation and washes. After the phosphorylation step, the resin was washed three times with TBS/0.1% TX-100, and incubation with the his-tagged f usion proteins proceeded as described above. For protein complexes immobilized on protein A-Sepharose CL -4B by immunoprecipitation, as described in the immunoprecipitation section, the samples were washed three times with TBS/0.1% TX-100, and the incubation with the his-tagged f usion proteins proceeded as described above.
Immunoprecipitation. Rat brain synaptosomes were prepared by differential and discontinuous Ficoll gradient centrif ugation and solubilized as described . Solubilized synaptosome protein (300 -400 g) was incubated with 10 g of 10H5, an anti-syntaxin mouse monoclonal antibody (Yoshida et al., 1992) , or control mouse IgG (Zymed, San Francisco, CA) in 1 ml TBS with 1% TX-100, 0.1% BSA, and the protease inhibitors PMSF (0.4 M) and pepstatin A, benzamidine, leupeptin, and aprotinin (each at 4 g /ml), and incubated on a microtube rotator at 4°C for 1 hr. Protein A-Sepharose CL -4B resin (2.5 mg) (Pharmacia), prewashed three times in incubation buffer, was added to each sample, and the incubation continued for an additional 2 hr, followed by three washes with TBS/0.1% TX-100. Subsequent interaction assays of immunoprecipitated and immobilized protein complexes with his-tagged f usion proteins are described in the section on binding assays above. Immunoprecipitation of native rat N-type calcium channel ␣ 1B subunits from brain extracts enriched for calcium channels by wheat germ agglutinin-Sepharose chromatography was performed as described previously , except that 10 g of C N B1 anti-peptide antibody (Westenbroek et al., 1992) was used.
SDS-PAGE. Fusion protein complexes immobilized on glutathioneSepharose 4B were suspended in 20 ml elution buffer (Tris-HC l, pH 8.0, 15 mM reduced glutathione) and incubated on a vortex mixer for 20 min. After centrif ugation, the eluted f usion protein complexes in the supernatant were denatured and reduced in SDS sample buffer (50 mM 0.5 M Tris-HC l, pH 8.45, 12% glycerol, 4% SDS, 0.015% Coomassie blue G) containing 50 mM DTT, and heated at 95°C for 5 min. For experiments in which immunoprecipitation was performed, protein complexes on protein A-Sepharose CL -4B were directly denatured in SDS sample buffer. For ␥ 32 P-ATP incorporation experiments, phosphorylation reactions were terminated with the addition of SDS sample buffer. Denatured and reduced proteins were separated on a discontinuous SDSpolyacrylamide gel (separation gel: 16.5% total acrylamide, 1% bisacrylamide; stacking gel: 4% total acrylamide, 0.25% bis-acrylamide) in a Tris-Tricine buffer system along with prestained molecular weight markers (Life Technologies-BRL, Grand Island, N Y). Separated proteins were visualized by Coomassie blue staining, and 32 P incorporation was measured by autoradiography for 1 hr on hyperfilm (Amersham, Arlington Heights, IL), or the separated proteins were electrophoretically transferred to nitrocellulose filters for immunoblotting. For twodimensional phosphopeptide analysis, immunoprecipitated rat N-type calcium channel ␣ 1B subunits were separated on a 3% stacking gel and a 5% separating gel in a Laemmli Tris-glycine buffer system , whereas f usion polypeptides were separated on a large-pore 12% modified Laemmli gel (Doucet et al., 1990) .
Immunoblotting. Nitrocellulose filters (0.2 m pore size) (Schleicher & Schuell, Keene, N H) were incubated in a blocking solution of TBS (10 mM Tris-HC l, pH 8.0, 150 mM NaC l) containing 0.1% T ween-20 and 10% nonfat dry milk. His-tagged f usion proteins were labeled by incubation with 100 ng /l T7-Tag mouse monoclonal antibody (Novagen), washed 2 ϫ 5 min, and labeled with a 1:10,000 dilution of an anti-mouse IgG antibody conjugated to horseradish peroxidase (Amersham), followed by 3 ϫ 20 min washes. Membranes were then saturated with reagents for enhanced chemiluminescence detection of horseradish peroxidase complexes (Amersham) and exposed on autoradiographic hyperfilm (Amersham). TBS containing 0.1% T ween-20 was used for the primary and secondary incubations, and all washes were performed at room temperature for 1 hr with gentle platform rotation. Native rat syntaxin was labeled with 10 ng /l 10H5, a mouse monoclonal antibody (Yoshida et al., 1992) , and native rat SNAP-25 was labeled with 250 ng /l of a mouse anti-peptide antibody against mouse SNAP-25 (Transduction Laboratories, Lexington, K Y). Secondary labeling of 10H5 was performed as described for the T7-Tag antibody, and labeling of the anti-SNAP-25 antibody used a 1:2000 dilution of a peroxidase-coupled, IgG 1 -specific anti-mouse IgG (Zymed).
For detection of GST f usion proteins, blots exposed to T7-Tag antibody complexes were first stripped in a solution of 62.5 mM Tris-HC l, pH 6.7, 20 mM DTT, and 1% SDS for 30 min at 50°C with agitation, washed with TBS/0.5% T ween-20 for 2 ϫ 15 min, and reblocked with the same solution containing 10% nonfat dry milk. For anti-GST immunoblotting, TBS containing 0.1% T ween-20 and 10% nonfat dry milk was used for all steps except the final washes, which omitted the milk. Primary labeling was performed using a 1:500 dilution of a goat anti-GST antiserum (Pharmacia) followed by 2 ϫ 5 min washes. Secondary labeling was performed with a 1:5000 dilution of a monoclonal anti-goat IgG biotin conjugate (Sigma), followed by 2 ϫ 5 min washes. Tertiary labeling was performed with a 1:2000 dilution of a streptavidin biotinylated-horseradish peroxidase complex (Amersham), followed by 3 ϫ 20 min washes and enhanced chemiluminescence detection.
RESULTS

Purification of the ␣ 1B synprint site
The his-tagged synprint site from the rat N-type calcium channel ␣ 1B subunit is contained within amino acids 718 -963 in L II-III of the ␣ 1B subunit (Sheng et al., 1994; Rettig et al., 1996) (Fig. 1 A) . T wo smaller his-tagged f usion proteins that also interact with syntaxin and SNAP-25, spanning amino acids 718 -859 and 832-963, define the N-and C -terminal halves of the ␣ 1B synprint site, with a 27 amino acid overlap (Sheng et al., 1994; Rettig et al., 1996) (Fig. 1 A) . All three his-tagged synprint polypeptides were expressed in E. coli, extracted by sonication and detergent solubilization, and purified by Ni 2ϩ -chelate chromatography. Coomassie blue staining of the isolated synprint polypeptides after SDS-PAGE confirmed the homogeneity of the preparation (Fig. 1 B, tively. Immunoblotting with an anti-his-tag monoclonal antibody recognizing the his-tag leader sequence confirmed the integrity of the f ull-length polypeptides ( Fig. 1 B, middle panel ). Minor C -terminal proteolytic truncations are observed for ␣ 1B (832-963) and ␣ 1B (718 -963), but relative densitometry measurements in the linear range of the detection system indicate that they account for Ͻ5% of the f ull-length polypeptide in each preparation. For both ␣ 1B (832-963) and ␣ 1B (718 -963) the size of the minor proteolytic product is 10 -12 kDa smaller than the f ull-length polypeptide, suggesting a probable common proteolytic cleavage site. As an alternative assessment of polypeptide integrity, the his-tagged f usion proteins were phosphorylated with ␥ 32 P-ATP and PKC. SDS-PAGE followed by autoradiography demonstrated that the major PKC substrates in the preparations are the synprint polypeptides ( Fig.  1 B, right panel ) . Quantitation of 32 P by C erenkov counting of excised gel slices for the f ull-length and proteolytic product of ␣ 1B (718 -963) indicated that the lower band incorporated Ͻ5% of the 32 P incorporated into the f ull-length ␣ 1B (718 -963). Together, these results demonstrate the high purity of the synprint peptides and validate the use of an assay for total protein in these preparations to estimate the f ull-length peptide concentration.
Phosphorylation of the ␣ 1B synprint site
The synprint site polypeptides were tested as substrates for a panel of purified second-messenger activated PKs. Fifteen picomoles of purified ␣ 1B (718 -963), ␣ 1B (718 -859), and ␣ 1B (832-963) were incubated with ␥ 32 P-ATP and either PKA, PKG, PKC, or CaM KII, with cognate activators. Reactions were terminated with the addition of boiling SDS sample buffer, and the polypeptides were separated by SDS-PAGE, followed by autoradiography for 1 hr (Fig. 2, left panels) . For quantitation of incorporated 32 P, gel slices corresponding to phosphorylated polypeptides were excised and Cerenkov-counted. Stoichiometry values are expressed as the ratio of moles of 32 P incorporated per mole of synprint polypeptide and plotted against reaction time (Fig. 2,  right panels) . Control experiments with a panel of unrelated his-tagged polypeptides showed that none of the kinases that were tested phosphorylated the his-tag leader sequence (C. T. Yokoyama and W. A. Catterall, unpublished observations) . The synprint ␣ 1B (718 -963) was a poor substrate for PKA and PKG, with maximal stoichiometry of ϳ0.3 and 0.5, respectively (Fig.  2C) . In contrast, ␣ 1B (718 -963) was a good substrate for phosphorylation by PKC and CaM KII, with maximal stoichiometries of ϳ3.0 and 4.0. Even with the addition of extra ␥ 32 P-ATP and kinase at 240 min, there is little or no increase in the maximal stoichiometry, demonstrating that those reagents did not limit the maximal 32 P incorporation. Approximate stoichiometry for phosphorylation of the N-terminal half of the synprint (Fig. 2 A) , ␣ 1B (718 -859), was 0.9 for PKA, 0.2 for PKG, 2.0 for PKC, and 3.0 for CaM KII. Similarly, the stoichiometry of phosphorylation for the C-terminal half of the synprint (Fig. 2 B) , ␣ 1B (832-963), was 0.8 for PKA, 0.8 for PKG, 3.0 for PKC, and 3.0 for CaM KII. The results reveal a trend shared by all three synprint polypeptides: phosphorylation by PKC and CaM KII to a stoichiometry of 2.0 -4.0 within 30 min, and phosphorylation by PKA and PKG to stoichiometries of Ͻ1.0, even at 5 hr. Although correlation of stoichiometry measurements with the precise number of phosphorylated residues is not possible from this analysis, there are clearly multiple good substrate sites for both PKC and CaM KII in both the N-and C-terminal halves of the synprint peptide. In contrast, there is probably no more than one poor substrate site for PKA and PKG in the synprint peptide. The higher stoichiometry of phosphorylation of ␣ 1B (718 -963) by PKC and CaM KII compared with its N-and C-terminal halves suggests that phosphorylation of ␣ 1B (718 -963) is the summation of phosphorylated substrate sites in each half. The higher stoichiometry of phosphorylation, however, for both N-and C-terminal halves of the synprint by PKA and for the C-terminal half by PKG, compared with the full-length synprint, indicate that conformational differences in the smaller polypeptides increase the access or affinity of PKA and PKG for their putative substrate site(s), or expose additional sites phosphorylated at substoichiometric ratios.
Comparison of phosphorylation of the synprint site in fusion proteins and intact N-type calcium channels Two-dimensional tryptic phosphopeptide mapping experiments were performed to assess whether CaM KII or PKC phosphorylation of the synprint fusion polypeptide was similar to that of the native rat brain N-type calcium channel ␣ 1B subunit. For CaM KII or PKC, phosphorylation of the fusion protein ␣ 1B (718 -963) and analysis by two-dimensional phosphopeptide mapping resulted in distinctive patterns of 6 and 10 phosphopeptides, respectively (Fig. 3 A, C) . The major phosphopeptides observed in phos- Reactions were terminated by the addition of SDS sample buffer, the products were separated by SDS-PAGE, and the gels were dried and exposed to film for 1 hr (lef t panels). Gel slices containing labeled synprint polypeptides were excised and C erenkov-counted, and the moles of 32 P incorporated per mole of synprint peptide were calculated and plotted as a f unction of time (right panels). A, Time course and stoichiometry of phosphorylation for ␣ 1B (718 -859). B, Time course and stoichiometry of phosphorylation for ␣ 1B (832-963). C, Time course and stoichiometry of phosphorylation for ␣ 1B (718 -963).
phorylation of ␣ 1B (718 -963) are included as a subset of the more complex phosphopeptide map observed for the native N-type calcium channel protein isolated from rat brain (Fig. 3 B, D) . For Cam K II phosphorylation, a distinct triplet of phosphopeptides (Fig. 3 A, B, arrows) is observed in both the f usion polypeptide and the native N-type calcium channel subunit, whereas for PKC phosphorylation an overlapping spatial distribution of five phosphopeptides is observed (Fig. 3C,D, arrows) . These results demonstrate that the phosphopeptides produced by phosphorylation of the synprint f usion protein are also phosphorylated in native ␣ 1B subunits.
Effect of phosphorylation of the ␣ 1B synprint site on binding to syntaxin 1A and SNAP-25
The effect of phosphorylation on the binding properties of the ␣ 1B synprint site was determined in an interaction assay with recombinant, immobilized GST f usion proteins containing syntaxin 1A and SNAP-25. Protein complexes were separated by SDS-PAGE and transferred to nitrocellulose, and individual polypeptides were detected by Western blotting with anti-his-tag or anti-GSTtag antibodies. To detect potential bidirectional changes in binding, titration curves for the interaction of the ␣ 1B (718 -963), ␣ 1B (718 -859), and ␣ 1B (832-963) with immobilized syntaxin 1A and SNAP-25 were generated to determine the linear range for binding of each protein, and these amounts [7-15 pmol for ␣ 1B (832-963) and ␣ 1B (718 -963); 20 -30 pmol for ␣ 1B (718 -859)] were used in all subsequent experiments. PK A or PKG phosphorylation of ␣ 1B (718 -963) for 60 min had no effect on binding to either GST-syntaxin 1A (60 kDa) or GST-SNAP-25 (50 kDa), as measured by the invariant signal intensity on the immunoblot in the absence or presence of PK A (Fig. 4 A) or PKG (Fig. 4 B) treatment. No binding to a control GST protein (25 kDa) was observed, and anti-GST-tag immunoblotting confirmed that the phosphorylation state of the synprint polypeptide did not interfere with the immobilization of the GST fusion proteins. In contrast to the results for PKA and PKG, PKC or CaM KII phosphorylation strongly inhibited the ability of ␣ 1B (718 -963) to bind to syntaxin 1A and SNAP-25 (Fig. 4C,D) . If ␣ 1B (718 -963) is phosphorylated by PKC and CaM KII together, binding to syntaxin 1A or SNAP-25 is also inhibited (Fig. 4 E) . Together, these results demonstrate that PKC or CaM KII phosphorylation, either alone or together, of residues in the synprint site inhibits interactions with syntaxin 1A and SNAP-25. Control experiments indicated that the inhibitory effect of PKC and CaM KII was dependent on both ATP and purified kinase, and also required the PKC activators calcium, L-␣-phosphatidylserine, and diolein, and the CaM KII activators calcium and calmodulin, respectively (C. T. Yokoyama and W. A. Catterall, unpublished observations), confirming that it is the kinase activity of the enzymes that is responsible for the inhibition of binding. 
Effect of phosphorylation of the N-and C-terminal halves of the ␣ 1B synprint peptide on binding to syntaxin 1A and SNAP-25
The N-and C -terminal halves of the ␣ 1B synprint peptide, ␣ 1B (718 -859) and ␣ 1B (832-963), can each bind to syntaxin 1A and SNAP-25 at a lower affinity than the f ull-length synprint site . To investigate whether the PKC-and CaM KII-mediated inhibition of binding could be localized to either the N-or C -terminal half of the ␣ 1B synprint site, we performed binding experiments with each half, in either the phosphorylated or unphosphorylated state, to immobilized GST-syntaxin 1A or GST-SNAP-25. PKC phosphorylation of ␣ 1B (718 -859) inhibited binding to both syntaxin 1A and SNAP-25 (Fig. 5A) , whereas CaM K II phosphorylation inhibited SNAP-25 binding but did not significantly reduce syntaxin 1A binding (Fig. 5B) . Of the three synprint polypeptides tested here, ␣ 1B (718 -859) has the weakest affinity for syntaxin 1A and SNAP-25 and a higher level of background binding to the control GST protein. PKC and C aM K II also reduced the nonspecific binding of ␣ 1B (718 -859) to the control GST protein (Fig. 5 A, B) , indicating that phosphorylation altered structural or chemical determinants affecting both specific and nonspecific binding of this peptide. PKC phosphorylation of ␣ 1B (832-963) inhibited interactions with both syntaxin 1A and SNAP-25 (Fig. 5C ). C aM KII inhibited binding to both syntaxin 1A and SNAP-25, although the inhibition of binding to syntaxin was incomplete (Fig. 5D) . Evidently, PKC phosphorylation of either the N-or C -terminal half of the synprint peptide disrupts interactions with syntaxin 1A and SNAP-25. On the other hand, although C aM K II phosphorylation inhibits binding of each half of the synprint peptide to SNAP-25, its inhibitory effect on binding to syntaxin is attenuated or absent. These results suggest differential regulation of the binding properties of the synprint site via PKC and CaM KII phosphorylation. The absence of consensus PKC or CaM KII phosphorylation sites in the 27 amino acid overlap shared by the two halves of the synprint peptide suggests that phosphorylation sites in both halves of the peptide are involved in the inhibition of binding.
Effect of phosphorylation on the calcium-dependence of ␣ 1B synprint site binding to syntaxin 1A and SNAP-25
The interaction of ␣ 1B (718 -963) with either syntaxin 1A or SNAP-25 is stimulated by calcium in the 10 -30 M range and inhibited by higher concentrations . To examine whether phosphorylation alters the calcium dependence of binding or inhibits binding independent of calcium concentration, binding of ␣ 1B (718 -963) to immobilized syntaxin 1A or SNAP-25 was assessed in solutions with H-EDTA- . Effect of phosphorylation of synprint polypeptides on the calcium dependence of interactions with syntaxin and SNAP-25. GSTsyntaxin 1A or GST-SNAP-25 was immobilized on glutathione-Sepharose and then incubated with ␣ 1B (718 -963) phosphorylated with either PKC or C aM K II, or treated with a control buffer without kinase. Incubations were performed in H-EDTA-buffered solutions calibrated to free calcium levels of 0, 15, 100, or 1000 M calculated from the Max-Chelator software (v. 6.81). Unbound reactants were removed by washing, and bound protein complexes were eluted from the matrix and separated by SDS-PAGE, electrophoretically transferred to nitrocellulose membranes, and immunoblotted with an anti-his-tag antibody. Membranes were then stripped and reprobed with an anti-GST antibody. A, Phosphorylation of ␣ 1B (718 -963) with C aM K II (ϩ) or control buffer (Ϫ) (top half ), or with PKC (ϩ) or control buffer (Ϫ) (bottom half ) followed by binding to immobilized GST-syntaxin 1A at free calcium concentrations of 0, 15, 100, or 1000 M, and immunoblotted with an anti-his-tag antibody (␣HIS) or anti-GST antibody (␣GST ). B, Binding to GST-SNAP-25. buffered free calcium levels. ␣ 1B (718 -963) binds strongly to syntaxin 1A at 15 M free calcium and more weakly at 0, 100, or 1000 M free calcium. Phosphorylation by either C aM K II or PKC inhibits binding at all levels of free calcium tested (Fig.  6 A) . Similarly, ␣ 1B (718 -963) binds to SNAP-25 most strongly at 15 M free calcium and more weakly at other concentrations. Phosphorylation by C aM K II or PKC inhibits the interaction at 0, 15, 100, and 1000 M free calcium (Fig. 6 B) . Together, these results indicate that inhibition of binding by phosphorylation is dominant to calcium stimulation.
Effect of phosphorylation of syntaxin 1A and SNAP-25 on binding to the ␣ 1B synprint site Syntaxin 1A and SNAP-25 are in vitro substrates for CaM KII (Hirling and Scheller, 1996) , and SNAP-25 is phosphorylated by PKC in PC12 cells (Shimazaki et al., 1996) . In contrast, PKA does not phosphorylate either syntaxin 1A or SNAP-25, and the effect of PKG is not known (Hirling and Scheller, 1996) . To investigate whether phosphorylation of these proteins may have an effect on interactions with the ␣ 1B synprint site, immobilized GSTsyntaxin 1A and GST-SNAP-25 were phosphorylated by PKC or CaM K II, and their interactions with ␣ 1B (718 -963) were assessed. Control experiments testing for the incorporation of 32 P into GST-syntaxin 1A, GST-SNAP-25, and a GST control protein indicated that although both GST-syntaxin 1A and GST-SNAP-25 were labeled by PKC or C aM K II, the GST moiety itself is not a substrate for phosphorylation by either kinase (C. T. Yokoyama and W. A. C atterall, unpublished observations). Phosphorylation of either syntaxin 1A or SNAP-25 with PKC had no effect on interactions with ␣ 1B (718 -963), and control anti-GST immunoblotting showed that phosphorylation did not alter the interaction of the GST f usion proteins with the glutathioneSepharose matrix (Fig. 7A) . C aM K II phosphorylation of syntaxin 1A and SNAP-25 also did not alter interactions with ␣ 1B (718 -963) (Fig. 7B) . In the absence of any effect of phosphorylation of syntaxin and SNAP-25 on interactions with the ␣ 1B (718 -963), the phosphorylation site(s) required for PKC and CaM K II modulation are likely to reside exclusively within the ␣ 1B synprint site.
Effect of phosphorylation of the ␣ 1B synprint site on binding to native synaptosomal SNARE complexes
To independently confirm the observations with recombinant fusion proteins, we assessed the ability of ␣ 1B (718 -963), phosphorylated by PKC or CaM KII, to interact with native SNARE complexes containing syntaxin and SNAP-25 immunoprecipitated from rat brain synaptosomes. The anti-syntaxin 1 mouse monoclonal antibody 10H5 (Yoshida et al., 1992 ) was used to immunoprecipitate SNARE complexes from solubilized rat brain synaptosomes. After capture on protein A-Sepharose, complexes were incubated with either phosphorylated or unphosphorylated ␣ 1B (718 -963) and subjected to SDS-PAGE, and the polypeptides were detected by immunoblotting for ␣ 1B (718 -963), syntaxin 1, and SNAP-25. Phosphorylation of ␣ 1B (718 -963) with CaM KII inhibited its binding to the immobilized complex containing syn- Figure 7 . Effect of phosphorylation of syntaxin and SNAP-25 on interactions with synprint polypeptides. Control GST, GST-syntaxin 1A, or GST-SNAP-25 was immobilized on glutathione-Sepharose, phosphorylated with either PKC or C aM K II, or treated with a control buffer without kinase, and then incubated with ␣ 1B (718 -963). Unbound reactants were removed by washing, and bound protein complexes were eluted from the matrix and separated by SDS-PAGE, electrophoretically transferred to nitrocellulose membranes, and immunoblotted with an anti-histag antibody. Membranes were then stripped and reprobed with an anti-GST antibody. A, Phosphorylation of control GST (25 kDa), GSTsyntaxin 1A (60 kDa), and GST-SNAP-25 (50 kDa) with PKC (ϩ) or a control buffer (Ϫ), followed by incubation with ␣ 1B (718 -963) and immunoblotting with an anti-his-tag antibody (␣HIS) or anti-GST antibody (␣GST ). B, Phosphorylation with C aM K II. Figure 8 . Effect of phosphorylation of synprint polypeptides on interactions with rat brain synaptosomal SNARE complexes. Rat brain synaptosomes were isolated by Ficoll gradient centrif ugation and solubilized as described in Materials and Methods. Native SNARE complexes containing syntaxin and SNAP-25 were immunoprecipitated with an antisyntaxin antibody and captured on protein A-Sepharose. Nonspecific immunoprecipitation was assessed with a control mouse IgG antibody. After they were washed to remove unbound protein, the immobilized complexes were incubated with ␣ 1B (718 -963) and phosphorylated with either C aM K II or PKC, or treated with a control buffer without kinase. Protein complexes were washed again, separated by SDS-PAGE, and electrophoretically transferred to a nitrocellulose filter. The filter was sectioned into three parts for immunoblotting with antibodies against the his-tag of ␣ 1B (718 -963), syntaxin 1, and SNAP-25. A, ␣ 1B (718 -963) phosphorylated with C aM K II (ϩ) or a control buffer without kinase (Ϫ) was added to SNARE complexes immunoprecipitated with an antisyntaxin 1 antibody (␣SY NTA X IN 1) or a control mouse IgG antibody (IgG), and immunoblotted with anti-his-tag, anti-syntaxin 1, and anti-SNAP-25 antibodies, as described in Materials and Methods. B, PKC phosphorylation of ␣ 1B (718 -963).
taxin 1 and SNAP-25 (Fig. 8 A) . No binding to a control mouse IgG immunoprecipitate was observed. PKC phosphorylation similarly reduced binding of ␣ 1B (718 -963) to the immunoprecipitated complex (Fig. 8 B) . The reduction in binding by the phosphorylated ␣ 1B synprint sites was observed in three experiments and validates the studies using recombinant GST-syntaxin 1A and SNAP-25. Furthermore, the results suggest that phosphorylation of the ␣ 1B synprint site can inhibit binding to a heterodimeric complex containing native syntaxin and SNAP-25.
DISCUSSION
Function and phosphorylation of the synprint site in vitro
Our results show that phosphorylation of synprint peptides within L II-III of the N-type calcium channel ␣ 1B subunit inhibits the binding of syntaxin 1A and SNAP-25. The effect is mediated by PKC and C aM K II and is dependent on phosphorylation of sites within both the N-and C -terminal halves of the synprint site. Inhibition of syntaxin 1A and SNAP-25 binding to the synprint site by phosphorylation prevents the calcium-dependent interaction of these proteins. Furthermore, association of synprint site polypeptides with SNARE complexes containing native syntaxin and SNAP-25 is inhibited by PKC and C aM K II phosphorylation. The significance of these observations for the regulation of synaptic transmission depends on the ability of the recombinant epitope-tagged f usion proteins to mimic the biochemical characteristics of discrete regions of cognate native proteins in vivo. There are several reasons to expect that this assumption holds for the synprint polypeptides. The region of the synprint site is large and hydrophilic, and in the native calcium channel it is tethered at both ends by membrane-spanning segments, all indicative of a protein folding pathway independent of other domains within the calcium channel. Furthermore, the ␣ 1B synprint peptide competitively inhibits the co-immunoprecipitation of native N-type calcium channels with syntaxin, and when introduced into sympathetic neurons in co-culture, specifically inhibits the fast, synchronous component of neurotransmitter release (Mochida et al., 1996) . Finally, as shown here, the two-dimensional phosphopeptide maps of synprint peptides are also observed in those of native N-type calcium channel ␣ 1B subunits. These results indicate that the synprint peptides fold into f unctional conformation after bacterial expression.
Phosphorylation of the N-type calcium channel in vitro
The rat brain N-type calcium channel ␣ 1B subunit is a substrate for in vitro phosphorylation by PK A, PKG, PKC, and CaM KII (Ahlijanian et al., 1991; Hell et al., 1994) . PK A, PKG, and PKC phosphorylate both observed size forms of the ␣ 1B subunit, whereas C aM K II primarily phosphorylates the longer form, which is specifically recognized by a C -terminal-directed antibody, suggesting that phosphorylation sites for C aM KII reside primarily in the C -terminal region (Hell et al., 1994) . Twodimensional tryptic phosphopeptide mapping of the native rat brain ␣ 1B subunit compared with the ␣ 1B synprint peptide (Fig. 3) indicates that PKC and C aM K II phosphorylation sites within the synprint peptide are also phosphorylated in the native N-type calcium channel, consistent with the hypothesis that these sites are phosphorylated in the intact channel in situ. As expected, the greater complexity of phosphopeptide maps from the native calcium channel compared with the synprint polypeptides reflects the availability of kinase substrate sites in other intracellular domains of the ␣ 1B subunit. In contrast, sites observed in the synprint polypeptide but not in the native channel may be caused by altered local conformations of the fusion polypeptide or limitations to kinase access to sites in the native channel attributable to endogenous SNARE proteins bound at the synprint site. Additionally, phosphorylation sites in the native channel may be underrepresented or absent in vitro because phosphorylation of those sites in vivo may occlude incorporation of 32 P by exogenous kinases. Nevertheless, our results show that a subset of phosphorylation sites in the synprint peptides are also phosphorylated in the intact N-type calcium channel.
Phosphorylation of the N-type calcium channel in vivo
Stimulation of hippocampal neurons by activators of PKA or by depolarization with the potassium channel blocker tetraethylammonium increases in vivo phosphorylation of the ␣ 1B subunit of N-type calcium channels by PKA ; however, PKA, PKG, and CaM KII activation do not appear to alter N-type calcium channel current in rat sympathetic neurons (Bernheim et al., 1991; Zhu and Ikeda, 1994) . In contrast, the effect of PKC on the modulation of N-type channels is clearly demonstrated (Diversé-Pierluissi and Swartz, 1993; Swartz et al., 1993; Yang and Tsien, 1993, Diverse-Pierluissi et al., 1995) . In many neurons, PKC enhances N-type calcium current via the reversal of tonic G-protein-mediated inhibition (Swartz, 1993; Swartz et al., 1993) , and in other studies PKC has been found to increase N-type calcium currents in the absence of G-protein inhibition (Yang and Tsien, 1993) or elicit a steadystate inhibition (Diversé-Pierluissi et al., 1995) . Studies of these effects with N-type calcium channels expressed in Xenopus oocytes identified several consensus PKC sites in L I-II of ␣ 1B that are responsible for modulation (Stea et al., 1995; Zamponi et al., 1997) . Given these findings, it is unlikely that phosphorylation of the synprint site by PKC or CaM KII directly alters channel gating.
Regulation of N-type calcium channels by interaction with SNARE proteins
Co-expression of syntaxin with N-type calcium channels in Xenopus oocytes causes a negative shift in the voltage dependence of inactivation that reduces calcium channel activity (Bezprozvanny et al., 1995; Wiser et al., 1996) . This direct inhibitory interaction has not yet been observed in neurons. Injection of synprint peptides into sympathetic ganglion neurons inhibited synaptic transmission but did not affect N-type calcium currents measured in the cell body (Mochida et al., 1996) ; however, it is not known whether syntaxin interacts with N-type calcium channels in the cell body. Cleavage of syntaxin in isolated nerve terminals prevented G-protein inhibition but did not affect the voltage dependence of inactivation (Stanley and Mirotznik, 1997) . Thus, it remains uncertain whether an interaction with SNARE proteins directly inhibits calcium channel activity in neurons. If the direct inhibitory effects observed in Xenopus oocytes also occur in neurons, our results suggest that these inhibitory effects would be reversed by phosphorylation of the synprint site by PKC or CaM KII, resulting in increased calcium channel activity. In addition, phosphorylation of the synprint site might also increase calcium channel activity indirectly by relieving G-protein inhibition, as observed in isolated nerve terminals.
Regulation of SNARE complex interactions by phosphorylation of the SNARE proteins
The binding properties of several SNARE and SNAREassociated proteins are altered by phosphorylation, including the inhibition of Munc-18 interactions with syntaxin by PKC (Fujita et al., 1996) , inhibition of ␣SNAP binding to the SNARE complex by PK A (Hirling and Scheller, 1996) , and inhibition of SNAP-25 binding to syntaxin by PKC (Shimazaki et al., 1996) . Although syntaxin is a substrate for C aM K II and SNAP-25 for both CaM KII and PKC (Hirling and Scheller, 1996; Shimazaki et al., 1996) , we did not observe any effect of phosphorylation by these kinases on interactions with the synprint site polypeptides. Thus, the interactions of SNARE proteins with N-type calcium channels are not likely to be regulated by phosphorylation of the SNARE proteins by PKC and C aM K II, even though their interactions with other proteins are affected.
Possible physiological significance of synprint site phosphorylation
Modulation of the interaction between N-type calcium channels and SNARE proteins by phosphorylation is a candidate presynaptic mechanism for the regulation of neurotransmission. Both PKC and C aM K II enhance synaptic transmission (Shapira et al., 1987; C apogna et al., 1995; Nicoll and Malenka, 1995; Gillis et al., 1996) . The simplest prediction from our data and previous work demonstrating inhibitory effects of injected synprint site peptides on synaptic transmission (Mochida et al., 1996) is that PKC or CaM K II phosphorylation of the synprint site in N-type channels should result in the inhibition of neurotransmission. On the other hand, it is likely that the interactions between N-type calcium channels and SNARE proteins are reversed at high calcium concentration in the final steps of the release process ; therefore, PKC or C aM K II phosphorylation of the synprint site could increase the rate of vesicle f usion by decreasing an energy barrier or releasing an inhibitory influence at a late step of exocytosis. A specific example of such a mechanism would be release of syntaxin from the calcium channel to allow its interaction with synaptotagmin, the calcium sensor in regulated exocytosis. Phosphorylation of the synprint site might also reverse the inhibitory effect of syntaxin or G-proteins or both on calcium channel activity, which would enhance synaptic transmission indirectly.
Some forms of synaptic plasticity suggest presynaptic inhibitory effects of C aM K II or PKC. Heterozygous C aM KII knockout mice exhibit significantly increased post-tetanic potentiation compared with wild-type mice, suggesting that a normal role for the basal activity of C aM K II is the presynaptic suppression of transmitter release (Chapman et al., 1995) . This effect is consistent with the inhibition of synprint binding by C aM KII. Similarly, mice expressing a transgene encoding a constitutively activated form of C aM K II show enhanced long-term depression (LTD) within a discrete range of stimulus frequency (Mayford et al., 1995) , and effects of activation of PKC on the priming of LTD and suppression of long-term potentiation are also reported (Stanton, 1995) . Phosphorylation of the synprint site may contribute to these effects also. For example, PKC or C aM KII phosphorylation of the synprint site may inhibit synaptic transmission at intermediate calcium levels, and depolarization-and calciumdependent activation of a phosphatase at increased calcium concentrations may strengthen interactions with the SNARE proteins and allow increased transmitter release.
Analysis of the physiological roles of phosphorylation of the synprint site of N-type calcium channels will require identification of the specific phosphorylation sites involved in regulation of interactions with SNARE proteins and correlation of their phosphorylation with changes in synaptic function in intact neuronal preparations.
